ABSTRACT: This paper presents a numerical investigation of the deformation response of 16 geosynthetic reinforced soil (GRS) mini-piers under service load conditions. The backfill soil 17 was characterized using a nonlinear elasto-plastic constitutive model that incorporates a 18 hyperbolic stress-strain relationship and the Mohr-Coulomb failure criterion. The geotextile 19 reinforcement was characterized using linearly elastic elements with orthotropic stiffness and 20 strength. Various interfaces were included to simulate the interaction between different 21 components. The three-dimensional numerical model was validated using experimental data 22 from GRS mini-pier loading tests, including average settlements and maximum lateral facing 23 displacements. Simulation results from a parametric study indicate that backfill soil friction 24 angle, backfill soil apparent cohesion, reinforcement spacing, and reinforcement stiffness have 25 the most significant effects on settlements and lateral facing displacements for GRS mini-piers 26 under service load conditions. 27 28
INTRODUCTION 32
The Federal Highway Administration (FHWA) has developed a large-scale test method 33 to measure the deformation behavior of geosynthetic reinforced soil (GRS) In the current investigation, a stress-dependent friction angle is specified using the following 127 equation (Duncan et al. 1980) : 128 
where i δ′ is the interface friction angle and i c′ is the interface adhesion. The friction angles for 156 various interfaces are provided in Table 3 . 157 158
Modeling procedures 159
The numerical models of the GRS mini-piers were constructed in layers. Each layer 160 consisted of one lift of soil, one course of CMU blocks, and the necessary interfaces. Geotextile 161 reinforcement layers were placed at specified elevations, depending on the simulation, in an footing was placed on top for load application. The loading schedule for each test is provided in 168 Table 4 . Vertical stress was applied incrementally, with the time for each increment ranging from 169 5 to 30 minutes, and was increased when the settlement rate slowed to less than 0.076 mm 170 between any two readings (Nicks et al. 2013a ). For the numerical simulations, a uniform vertical 171 stress v q was applied on top of the concrete footing and increased in stages following the loading 172 schedule in Table 4 Table  217 5 suggest that the current numerical model can reasonably simulate the deformation response of 218 GRS mini-piers for applied vertical stresses v q as high as 400 kPa. 219 220
PARAMETRIC STUDY 221
A parametric study was conducted using the same modeling approach to investigate the 222 effects of various backfill soil and reinforcement parameters on the deformation response of 223 GRS mini-piers under service load conditions. A baseline case is first described, and the effects 224 of backfill soil friction angle, backfill soil apparent cohesion, reinforcement spacing, 225 reinforcement stiffness, and bearing bed reinforcement are investigated through a parametric 226 study. Similar to results in Table 5 , the parametric study focuses on the average settlements and 227 maximum lateral facing displacements under vertical stresses of 200 kPa and 400 kPa, and the 228 results are provided in Tables 6 and 7 . 229 12
Baseline case 231
Backfill soil properties for the baseline case model match the AASHTO No. 8 soil ( Table  232 1) except that the peak friction angle is p φ′ = 46°. The geotextile reinforcement corresponds to 233 Geotextile-4 in Table 2 and has tensile stiffness 
Backfill soil apparent cohesion 266
Backfill soil can display apparent cohesion due to unsaturated conditions, and this may be 267 significant depending on the fines content and the shape of the soil-water retention curve. 268
Numerical simulations were conducted for backfill soil apparent cohesion values of c′ = 0 kPa, 269 5 kPa, 10 kPa, and 15 kPa. Corresponding values of adhesion for soil-block and soil-geotextile 270 interfaces were obtained using Equation (7). shows that increasing apparent cohesion can reduce lateral facing displacements for both v q = 275 14 200 kPa and 400 kPa, and the effect also becomes progressively less significant at higher values. 276
For design work, c′ = 0 is typically assumed to be conservative because apparent cohesion can 277 vary during the service life of a structure depending on moisture conditions. 278 Table 8 for each simulation case of the parametric study. With 337 one exception ( v S = 0.1 m), vertical stresses obtained at the service limit from the numerical 338 simulations are larger, by a ratio of 1.6 or more, than the values calculated using Equation (8). Geotextile-2, and Geotextile-3), the average ratio is 1.83. Overall, the results in Table 8 suggest  348 that the assumed semi-empirical relationship of 10% ult q for the vertical stress at the service limit 349 is conservative. and maximum lateral facing displacements range from 1.7 mm to 7.2 mm. The results 383 indicate that backfill soil friction angle, backfill soil apparent cohesion, reinforcement 384 spacing, and reinforcement stiffness have important effects on settlements and lateral facing 385 displacements under service load conditions. Bearing bed reinforcement had a small effect onsettlement and a more important effect on lateral facing displacements for the conditions 387 simulated. 388 3. The FHWA method to calculate the vertical stress at the service limit for GRS composites 389 (i.e., 10% of the ultimate bearing capacity) was evaluated based on simulation results from 390 the parametric study. The average ratio of simulated to calculated values is 1.83 for cases that 391 meet the requirements for GRS-IBS abutments, which suggests that the FHWA method is 392 conservative. 393 4. The zero volume change assumption for estimation of maximum lateral facing displacements 394 for GRS mini-piers is reasonable for the conditions investigated in the parametric study. 395
Further investigation is needed to verify this assumption for GRS- 
